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Experimental Determination of Chloride
Penetration in Concrete with Real Cracks
C. Sosdean, D. Gubencu, G. De Schutter and L. Marsavina
Abstract It is well known that the presence of cracks in reinforced concrete
structures in aggressive environments accelerates rebar corrosion. The influence of
real cracks in concrete structures on the penetration of chlorides and the resulting
service life is being investigated in this study. Investigations were carried on at the
Magnel Laboratory for Concrete Research of Ghent University, Belgium within a
bilateral agreement with University Politehnica Timisoara, Romania. Non-steady
state migration tests were realized according to NT BUILD 492, using an electrical
ﬁeld and real cracks in order to determine the chloride proﬁle. Samples with dif-
ferent crack patterns, obtained by drilling from a reinforced concrete slab exposed
to a simulated accidental failure of the central support and subsequent vertical
loading until collapse, were used in the study in order to provide a more realistic
image of the geometry of the cracks. The crack widths were measured using an
optical microscope. The chloride penetration depth was measured with a colori-
metric method on each specimen and the non-steady state diffusion coefﬁcients
were determined. For evaluating the parameters which have the most influence on
chloride migration on the samples used in this experiment, a two-level factorial
experiment was designed and carried out in the early stage. Afterwards, using a
higher number of samples, the influence of the existence of cracks and also the
influence of crack widths on chloride penetration was studied by means of other
statistical procedures: comparison of two means, one-way ANOVA. The results
obtained provide a better understanding of the diffusion process when dealing with
concrete structures with real crack.
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1 Introduction
Even though signiﬁcant studies were performed in the last years in order to predict
durability of concrete structures, chloride induced corrosion in reinforced concrete
structures remains one of the major challenges. Due to the fact that most reinforced
concrete structures are cracked either due to extreme loading, aggressive environ-
ment or poor workmanship during execution, it is very important to have a better
understanding of chloride diffusivity in cracked concrete.
Researchers used a variety of programs to create cracks in undamaged concrete.
Based on the crack preparation method, the reported experimental studies can be
divided into two groups: destructive methods and non-destructive methods. The
methods from the ﬁrst category adopt different mechanical loading techniques to
prepare cracks, such as: wedge splitting test [21], three or four-point bending test
[27], Brazillian splitting test [2] and expansive core method [9]. Non-destructive
methods used to generate cracks in concrete include studies based on the posi-
tioning and removal of thin copper sheets before ﬁnal setting of concrete [3, 13] or
inducing a crack by saw-cutting concrete cylinders longitudinally [19].
Real cracks in concrete have a complex 3D geometry and their influence on
transport and degradation mechanisms is not straightforward, therefore very limited
investigation of the influence of chloride diffusion on samples with real cracks has
been conducted [22].
Due to the fact that it is difﬁcult to evaluate the crack effect on the chloride
diffusion characteristics, many applications using probabilistic approaches have
been generally limited to the sound concrete without considering crack effect. Still,
some researchers developed parametric studies of service life in cracked concrete,
in order to determine the time to durability failure (time to corrosion). Kwon et al.
[10] considered the cover depth and time-exposure parameter as design factors with
varying values. Full parametric studies of the influence of crack width, roughness
and the interval of drying-wetting cycles on the chloride proﬁles at cracked zone
were developed by Ye et al. [26].
In present work, a study on the influence of cracks and crack widths in rein-
forced concrete structures with real cracks subjected to chloride ingress is
presented.
Even though the behaviour of many natural phenomena was described by means
of mathematical and statistical models, when referring to civil engineering and
especially for the analysis of chloride penetration, few experimental data can be
found in literature [12, 15].
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2 Experimental Program
2.1 Details of Specimen
In this research four kinds of samples have been used: samples without cracks and
without rebars (S) (a); samples with cracks and without rebars (SC) (b); samples
without cracks and with rebars (SR) (c) and samples with cracks and with rebars
(SCR) (d), as it can be observed in Fig. 1, where a representative sample from each
group is presented.
In order to obtain samples with real cracks, cylinders with 100 mm diameter and
50 mm thickness were drilled from a RC slab of 140 mm thickness and 1800 mm
wide with the total length of 14.30 m. This slab was exposed to failure of the
central support and subsequent vertical loading which generated cracking and
ﬁnally its collapse. As noticed, the cracks go all the way to the specimens and that is
why the crack depth is not being considered in this research.
A concrete class C30/37 with a maximum size of 14 mm of the coarse aggregate
was used in order to manufacture the slab. The test set-up and the results for the
experimental large-scale test are described in detail in [6, 8].
For the investigation of the influence of different parameters on chloride diffu-
sion, in this study, concrete samples with or without rebars, having different crack
widths were used.
Fig. 1 Drilled sample
categories [22]. a Sample
type S, b sample type SC,
c sample type SR, d sample
type SCR
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2.2 Testing Method
A non-steady state migration test was performed on the obtained concrete samples,
according to NT BUILD 492 [16]. Before testing, the samples were placed in a
vacuum container for vacuum treatment for 3 h to a pressure in the range of 10–
50 mbar; afterwards with the vacuum pump still running, the container was ﬁlled
with saturated Ca(OH)2 solution so as to immerse all specimens which was
maintained for a further hour before allowing air to re-enter the container. The
specimens were kept in the solution for 18 ± 2 h.
Afterwards, the samples were placed in the reservoir and an external electrical
potential of 30 and 35 V was applied on the samples for 24 h, forcing the chloride
ions from the 10 % NaCl solution to migrate into the specimens.
2.3 Penetration Depth
After the test, the samples were split and sprayed with 0.01 N AgNO3 solution and
by using the colorimetric method [17] the chloride penetration proﬁle was deter-
mined. The mean penetration proﬁles were determined after cutting the sample
perpendicular to the crack path and by measuring the chloride front on each of
them. It must be mentioned that samples type S were split in two, while samples
type SR, SC and SCR were cut in 6 parts each perpendicular to the crack.
A schematic representation of the procedure is presented in Fig. 2 for sample type
SC.
For samples type SC and SCR, the average chloride depth (xd) and the chloride
depth near the crack (xc) were determined. For sample type S, only xd was deter-
mined, while for sample type SR both xd and xc were determined. A schematic
representation of the chloride depths measurement in the middle of the sample is
presented in Fig. 3.
Fig. 2 Sample preparation
for measuring the chloride
front [22]
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Based on the chloride penetration depth the chloride migration coefﬁcient
(Dnssm) can be calculated according to Eq. 1:
Dnssm ¼ RT
z  FE 
xd  a ﬃﬃﬃﬃxdp
t
ð1Þ
where
E ¼ U  2
L
a ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RT
zFE
 erf1 1 2cd
c0
 s
ð2Þ
Cd chloride concentration at which the color changes (=0.07 N)
C0 chloride concentration in the cathodic solution (=2 N)
erf−1 inverse of error function
F Faraday constant (=9.648 × 104 J/(V Mol))
L thickness of the specimens (m)
R gas constant (=8.314 J/(K Mol))
xd chloride penetration depth (m)
t test duration (sec)
T average value of the initial and ﬁnal temperatures in the anolyte solution (K)
U applied voltage (V)
z absolute value of ionic valence (=1 for chloride)
Figure 4 shows the combined effect of crack width and rebar position on the
diffusion coefﬁcient. It can be easily seen that the migration coefﬁcient increases
with the existence of cracks; when increasing the crack width from 0 (Sample S) to
0.2 mm (Sample SC), the migration coefﬁcient increases from 5.96 × 10−12 to
8.87 × 10−12 m2/s. Also it can be observed that the existence of rebars “blocks”
chloride diffusion, the migration coefﬁcient decreases to 8.41 × 10−12 m2/s. It
seems that a lower value of 7.91 × 10–12 m2/s is registered for the sample con-
taining both rebars and cracks.
Fig. 3 Chloride front
measurement in the middle of
the sample
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It is important to mention that the values of the diffusion coefﬁcient used in this
study are mean values.
3 Experimental Investigations and Discussions
on Chloride Diffusivity in Non-steady State Migration
Test
3.1 Early Stage: Experimental Modeling by Factorial
Experiment
The experimental data was analyzed using [24] software. In the ﬁrst step of the
experimental program, a limited number of samples were available. Moreover,
certain parameters related to the crack pattern and the spatial orientation of the
rebars couldn’t be adjusted at rigorous set levels, but were randomly obtained. This
is a consequence of the fact that the crack geometries were not induced artiﬁcially
and are in fact real cracks obtained as a result of the collapsing of a real-scale slab.
Through the above presented results (Fig. 4), it can be observed that the pres-
ence of both cracks and rebars has an important influence on chloride ingress in
cracked samples.
For the parametric study of chloride diffusion a two-level factorial experiment
without randomization was designed and carried out in order to determine which of
the following parameters: existence of cracks (Crack width l) and existence of rebars
(Rebar no), used in the experimental program, has the most important influence on
chloride ingress in cracked samples subjected to non-steady state migration test. This
type of experiment was considered to be the most appropriate in this stage of the
research, due to the fact that with a minimum number of runs (available samples) an
exploratory mathematical model of high precision can be obtained.
The values of the considered parameters, both coded and physical, for each
sample together with measured values of the objective function—chloride pene-
tration depth (xd)—are presented in Table 1.
Fig. 4 Comparison of diffusion coefﬁcient according to sample type [22]
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A standardized Pareto chart is presented in Fig. 5, which allows the hierarchy of
both main effects and interaction effect on the response function.
As it can be observed, the interaction effect of crack width and rebar existence on
chloride ingress is the most signiﬁcant, followed by the existence of cracks. The
effect of the rebar presence is not statistically signiﬁcant on the chloride penetration
depth xd, having a magnitude comparable with the experimental error determined
by performing 3 replicas in one experimental point. A possible explanation could be
the fact that chlorides penetrate along the crack relatively fast up to the top of the
crack (crack tip) [18], but their further propagation is being “blocked” by the
existence of rebars. According to [25], when a crack in concrete intersects the steel
reinforcing bar, it allows easy ingress of chloride ions, oxygen and water to the steel
surface, which results in a faster initiation of corrosion.
The Eq. (3) of the ﬁtted model is presented for coded values of the considered
factors:
xd ¼ 20:055þ 0:785lþ 0:15RN 1:79l RN ð3Þ
Due to the fact that it is not possible to validate the model based on the different
values of crack widths and, in addition, the experimental error was determined only
for one experimental point located at the boundary of the multifactorial space, the
practical applicability of the presented model could be limited.
Moreover, it is possible that different parameters, such as: crack existence, rebar
presence, different crack widths, might influence chloride penetration in concrete
Table 1 Experimental matrix [22]
Run no. Levels of the influence factors Measured values
x1 ≡ crack width_l x2 ≡ rebar No RN y ≡ xd
Coded (mm) Coded – (mm)
1 −1 0 −1 0 17.33
2 1 0.2 −1 0 22.48
3 −1 0 1 1 21.21
4 1 0.2 1 1 19.2
Fig. 5 Standardized Pareto
chart
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and, consequently, have a signiﬁcant importance in the determination of the
migration coefﬁcient. Therefore, a statistical analysis of the chloride penetration
data was performed, using different methods: the comparison of means, the com-
parison of standard deviation and the analysis of variance (ANOVA). It must be
noted that the results presented in this statistical analysis were previously presented
as part of the research conducted in [23].
3.2 Influence of the Existence of Cracks by Two Samples
Comparison
In order to determine whether the existence of cracks has a signiﬁcant influence on
the chloride penetration depth, the comparison of means method was used by
comparing the means of the different test series using t-tests with a signiﬁcance
level of 0.05.
It must be mentioned that in order to obtain an accurate result, a sufﬁcient
number of replicas is needed for each of the performed tests. As mentioned earlier,
considering the fact that the crack geometries are in fact real cracks, the number of
equal replicas for each test is almost impossible. Still, based on the existent
information, the statistical analysis was realized in order to investigate the possible
influence of the existence of cracks on chloride ingress.
Two-sample comparison tests based on the comparison of two means and the
comparison of standard deviation methods were realized in order to determine the
possible influence of the existence of cracks. These comparisons were made for
different considered cases using the values of xc (chloride penetration depth near the
crack) which was considered to be the most relevant when determining the influ-
ence of the existence of cracks on chloride penetration.
The two samples of data considered in this case are the values of xc obtained for
reference samples and for samples with cracks having the top surface exposed.
These values are presented in Table 2. It is important to mention that in the case of
Table 2 Penetration depth
for samples with cracks
Sample Chloride
penetration
Sample Chloride
penetration
xd
(mm)
xc
(mm)
xd
(mm)
xc (mm)
J 23.1 28.4 7 28.1 37.0
K 28.0 36.8 13 25.9 30.9
L 22.3 27.7 16 24.0 31.3
M 23.9 26.4 25 21.1 31.9
N 20.1 20.6 A2 23.7 26.5/27.2
4 22.4 26.8 B2 25.2 34.8
6 15.2 28.4 – – –
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reference samples, considering they have no cracks, the value of xd (average
chloride penetration depth) was used (Table 3).
Sample 1, representing reference samples type S and SR, consists in 9 values
ranging from 15.7 to 26.3 while sample 2, representing samples with cracks type
SC and SCR, consists in 13 values ranging from 20.6 to 37.0. These two samples of
data are compared by means of various statistics and graphs and by running several
tests in order to determine whether there are statistically signiﬁcant differences
between the two samples.
The sample characteristics are further presented in Table 4. The standardized
skewness and standardized kurtosis can be used to determine whether the samples
come from normal distributions. Values of these statistics outside the range of −2 to
+2 indicate signiﬁcant departures from normality. In this case, both standardized
skewness and standardized kurtosis are within the range expected.
A t-test is run to compare the means of the two samples and it also constructs
conﬁdence intervals for each mean and also for the difference between the means.
The test is used to investigate the null hypothesis about the difference between the
means of the populations from which the two samples come. Considering that in the
present test t = −4.88436 and P = 0.0000897041, meaning P < 0.05 the null
hypothesis is rejected in favor of the alternative. It means there is a statistically
signiﬁcant difference between the means of the two samples at the 95 % conﬁdence
level.
The previously presented results assume that the variances of the two samples
are equal. These assumptions are made based on the results of an F-test to compare
the standard deviations presented in Table 5.
An F-test is run to compare the variances of the two samples and it also con-
structs conﬁdence intervals for each standard deviation and for the ratio of the
Table 3 Penetration depth
for reference samples type S
Chloride penetration Chloride penetration
xd (mm) xd (mm)
Ref IV a 21.4 Ref IV b 15.7
Ref V 24.2 Ref VII 17.6
Ref VI 26.3 Ref VIII 18.7
Table 4 Summary statistics:
depth xc by sample type
Sample type = R Sample type = S
Count 9 13
Average 20.8222 29.8077
Standard deviation 3.56783 4.63797
Coeff. of variation 17.1347 % 15.5596 %
Minimum 15.7 20.6
Maximum 26.3 37.0
Range 10.6 16.4
Stnd. skewness 0.191175 −0.0674505
Stnd. kurtosis −0.742232 0.0187035
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variances. The test is used to investigate the null hypothesis about the standard
deviations of the populations from which the two samples come. Considering that
in this test F = 0.591771 and P = 0.464524, meaning P > 0.05 and the ratio of the
standard deviation equals 0.591771, the null hypothesis cannot be rejected. As a
result there is not a statistically signiﬁcant difference between the standard devia-
tions of the two samples at the 95 % conﬁdence level.
The conclusion of this two-sample comparison test is that there is a statistically
signiﬁcant difference between the xc values of the compared two samples, meaning
that, at 95 % conﬁdence level, the chloride penetration depth is influenced by the
existence of cracks.
3.3 Influence of Crack Widths by One-Way ANOVA
For determining the influence of different crack widths, on the chloride penetration
depth, respectively on the diffusion coefﬁcient, one-way ANOVA analysis were
performed with a level of signiﬁcance of 0.05.
One-way ANOVA tests were performed in order to determine the possible
influence of the crack width on Dc (diffusion coefﬁcient measured near the crack).
This procedure performs a one-way analysis of variance for diffusion coefﬁcient Dc
considering the average crack width presented in Table 6.
Various tests and graphs are constructed to compare the mean values of Dc for
the considered 16 cores type SC and SCR with 4 different levels of crack width. The
result characteristics of the one-way ANOVA are further presented in Table 7.
The ANOVA table decomposes the variance of Dc into two components: a
between-group component, which measures the variability amongst Dc determined
Table 5 Comparison of
standard deviations: depth xc
by sample type for top surface
exposed
Sample type = R Sample type = S
Standard deviation 3.56783 4.63797
Variance 12.7294 21.5108
Df 8 12
Table 6 Crack widths in samples
Sample Crack opening (µm) Sample Crack opening (µm)
Top Bottom Average Top Bottom Average
J 187 442 314 7 169 68 119
K 190 396 293 13 164 131 148
L 269 359 314 16 130 108 119
M 211 389 300 25 141 66 104
N 338 232 285 A2 173 148 161
4 143 79 111 B2 93 155 124
6 154 160 157 – – – –
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for samples with different crack width and a within-group component, which
measures the variability amongst Dc determined for samples with the same crack
width. The F ratio, which in this case F = 5.27785, is a ratio of the between-group
mean square (MSlevel) to the within-group estimate (MSE). Since the calculated
probability, P = 0.0149, computed for the determined F and for the considered
degrees of freedom (Df) is less than the pre-chosen signiﬁcance level 0.05
(P < 0.05) there is a statistically signiﬁcant difference between the mean Dc from
one level of crack width to another at the 95 % conﬁdence level [14].
The table of means for Dc by crack width is further presented in Table 8. Also,
the table shows the standard error of each mean which is a measure of its sampling
variability. The standard error is formed by dividing the pooled standard deviation
by the square root of the number of observations at each level. The table also
displays an interval around each mean. The intervals are based on Fisher’s least
signiﬁcant difference (LSD) procedure and are constructed in such a way that if two
means are the same, the intervals will overlap 95 % of the time. This does not imply
that every mean is signiﬁcantly different from every other mean.
To determine which means are signiﬁcantly different from which others the
Multiple Range Test is carried on. Table 9 presents which means are signiﬁcantly
different from which others by using a multiple comparison procedure.
The bottom half of the output shows the estimated difference between each pair
of means. An asterisk has been placed next to 3 pairs, indicating that these pairs
show statistically signiﬁcant differences at the 95 % conﬁdence level.
Figure 6 presents the interval plots at 95 % conﬁdence of diffusion coefﬁcient Dc
for each crack width. It can be observed that there is a statistical signiﬁcant dif-
ference between the values obtained for the reference samples and the values
obtained for samples with cracks, but no statistical signiﬁcant difference is between
the different considered widths.
Table 7 Summary statistics: diffusion
Source Sum of squares Df Mean square F-ratio P-value
Between groups 51.4673 3 MSlevel = 17.1558 5.28 0.0149
Within groups (error) 39.0063 12 MSE = 3.25052
Total (corr.) 90.4736 15
Table 8 Table of means for Dc by crack width with 95 % LSD intervals
Stnd. error
Level Count Mean (pooled s) Lower limit Upper limit
0 3 8.38333 1.04092 6.77964 9.98703
0.1 5 13.47 0.80629 12.2278 14.7122
0.15 3 12.7167 1.04092 11.113 14.3204
0.3 5 11.994 0.80629 10.7518 13.2362
Total 16 11.9137
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4 Conclusions
The effects hierarchy and the experimental model achieved in the early stage of
investigation show that even if the presence of cracks led to the enlargement of the
chloride penetration depth, it seems that the combined effect of both crack width
and rebar existence determine the decrease of this objective function. In that case,
the rebar presence obstructs the diffusion process and makes it more difﬁcult.
The possible influence of the presence of cracks was further investigated, by the
comparison of means method at a 95 % conﬁdence interval, in order to eliminate its
influence. The chloride penetration depth near the crack (xc) is influenced by the
existence of cracks when having the top surface exposed and taking into consid-
eration all sample types (S—samples without cracks and rebars, SC—samples with
cracks and without rebars, SR—samples without cracks and with rebars and SCR—
samples with cracks and rebars).
Table 9 Multiple range tests
results for 95 % LSD-Dc by
crack width
Level Count Mean Homogeneous groups
0 3 8.38333 X
0.3 5 11.994 X
0.15 3 12.7167 X
0.1 5 13.47 X
Contrast Sig. Difference ±Limits
0–0.1 * −5.08667 2.86878
0–0.15 * −4.33333 3.20739
0–0.3 * −3.61067 2.86878
0.1–0.15 0.753333 2.86878
0.1–0.3 1.476 2.48443
0.15–0.3 0.722667 2.86878
Fig. 6 Interval plot (95 %
conﬁdence) of Dc for crack
width [22]
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Next, the possible influence of the crack widths on the available samples was
investigated by performing a one-way ANOVA test at a 95 % conﬁdence interval
and considering the average crack width, as previously presented in Table 6,
respectively the values of Dc (migration coefﬁcient near the crack) computed
considering the average crack widths of: 0.1; 0.15 and 0.3. It seems there is
no statistical signiﬁcant difference between the values of Dc for the considered
crack widths.
It is generally recognized that the existence of cracks provide fast transport
routes for chloride. However, crack width can be considered to be one of the most
controverted parameters that can influence chloride ingress.
Even though there are different codes prescribing an allowable crack width
ranging from 0.05 to 0.3 mm [1, 4, 5], the influence of crack width on concrete
properties is still under debate. Gérard and Marchand [7] show that the steady state
migration coefﬁcients of concrete with different crack widths are one order of
magnitude higher than for uncracked concrete. While some researchers [11] suggest
the dependence between chloride proﬁles and crack width, Rodriguez and Hooton
[20] suggests that chloride diffusion in concrete is independent of the crack width
since cracks act as free concrete surfaces and greatly promote chloride ingress and
Marsavina et al. [13] concludes that the influence of crack on chloride penetration is
still not clear and requires further research.
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